MBIR is a multipurpose fast sodium cooled research reactor with a thermal power of 150 MW designed for a broad range of applications in the field of experimental research, including endurance tests and optimization of operating modes for advanced types of fuel, fuel elements, absorber elements and fuel assemblies, radiation tests of advanced structural materials, production of isotopes for a variety of applications and so on [1, 2] . Therefore, one of the major requirements to this reactor is a high flux of neutrons (not lower than 5 10 15 n/cm 2 s) depending, in turn, on the type of the fuel used.
Introduction
Vibrocompacted MOX fuel with a plutonium weight content of ∼38% has been adopted presently as the standard fuel for the MBIR reactor facility. This paper considers the possibilities for this reactor to use alternative dense fuel types seen as potentially promising for the future large-scale nuclear power.
The most attractive of these are mixed nitride uraniumplutonium fuel and mixed metallic fuel.
Nitride fuel is currently viewed as the basis for future fast neutron commercial power reactors to operate in a fuel selfsufficiency mode, specifically BREST-300 and BN-1200 [3] [4] [5] . The advantages offered by this fuel, as compared to oxide fuel, are commonly known: it is denser, more heat conductive and perfectly well compatible with the fuel cladding materials and liquid metal coolants (a property of prime importance in emergencies). Besides, its fabrication technology is compatible with the oxide fuel technology in many respects.
Due to high density (not leading though to a growth in the void reactivity effect), nitride fuel provides for a high level of internal breeding, this making it possible to minimize the burn-up reactivity margin while not worsening safety during accidents with a coolant loss in the core. High thermal conductivity of the fuel leads to less heat accumulated in it, a higher melting temperature margin, and a better combination of temperature feedbacks in the reactor which gives it increased safety, specifically in beyond design basis accidents.
Russia has an experience in fabrication and irradiation of nitride (uranium or UN) fuel [6] . Beginning in 1970, the BR-10 reactor was used to irradiate experimental assemblies with nitride fuel fabricated based on different technologies, having different porosities and with two types (sodium and helium) contact substrates. This formed the basis for the creation of ∼200 FAs sufficient for the reactor loading with two complete batches of mononitride uranium fuel in which the maximum burn-up as high as 8.7% of heavy atoms was achieved.
Since the time the development of fast reactors started, metallic fuel has been of interest due to possessing very high density and thermal conductivity, and because of having the smallest possible number of diluent nuclei, which provides for an extremely hard neutron spectrum and as high level of breeding as possible, this being especially important for the rapidly evolving nuclear power. As a matter of fact, US experts (who have achieved the greatest success in commercializing this fuel) studied this fuel not for the sake of breeding but because of comparatively cheap technologies of fabrication (casting) and reprocessing (electrochemistry). An economic analysis has shown that the fuel component of cost may be ∼7 times as small for metallic fuel as for ceramic fuel. Large-scale experiments with irradiation of this fuel were conducted in the USA in the ЕВR-II reactor [7, 8] .
A major drawback of metallic fuel is its interaction with the fuel cladding steel. At ∼560 °C, plutonium forms lowmelt intermetallic compounds which may cause the fuel cladding to lose integrity for a short time. Zirconium addition to this fuel ( ∼10% wt.) increases the intermetallic formation temperature by ∼80 °C, which makes it possible to raise the working temperature of such fuel elements to an acceptable (though 60-80 °С lower) level [9] . Apart from uraniumzirconium alloys, uranium-molybdenum alloys (7% и 10% Mo) were investigated on an extensive scale with irradiation of these in such reactors as BOR in Russia, DFR in Great Britain and Enrico Fermi in the USA. Since metallic fuel as such has rather a low melting temperature, it appears to be reasonable to consider it with a sodium contact substrate.
Analytical models and codes
Alternative fuel types were considered as part of the reactor's initial (oxide) design with only the fuel and the end breeding screen material changed. The fuel enrichment was selected such that to render the reactor critical at rated power as of the intermediate (third) microlife end, with all CPS rods withdrawn, except the half-submerged emergency protection rods.
A fundamental condition for the MBIR reactor, as shown in the technical assignment, is a neutron flux of not less than 0.5 10 16 n/cm 2 s. The FA life has been determined proceeding from the allowable dpa value for the fuel cladding (ChS-68) assumed to be equal to 75 dpa. The maximum fuel burn-up and fast neutron fluence ( E > 0.1 MeV) on the fuel cladding are not constraining parameters. The microlife du- ration (the refueling interval with continuous operation) has been assumed to be equal to 100 effective days.
Since the above fuel types were considered in the standard (oxide fuel) reactor model, the reactor performance with these fuel types are shown in comparison with standard fuel.
Most of the neutronic calculations were performed using the TRIGEX code [10] . The MKKK Monte Carlo code [11] using a detailed description of all core components was used for precision calculations. The BNAB-93 library of multi-group constants and CONSYST, a constant preparation system, [12, 13] were used in both cases.
MBIR performance with alternative fuel types

Nitride fuel
An effective density of 12.0 g/cm 3 , which constitutes ∼0.83 of the theoretical value, was assumed for the calculations [14] . The nitride fuel life was defined by the cladding dpa rate and was found to be 500 effective days.
The maximum neutron flux achieved in the nitride core's central region is presented in Table 1 .
It can be seen that the maximum flux in nitride fuel somewhat fails to reach the required value of 0.5 10 16 1/cm 2 s, while both the engineering analysis and the precision calculation show one and the same flux value. At the same time, the results are different for the central loop channel (CLC) filled with steel and sodium in equal portions for the calculations: TRIGEX, a diffusion code, shows that the flux in the channel is 2% as low as in the core, and MKKK, a precision code, shows that the flux is 5% as low as in the core.
Metallic fuel
A three-component uranium-plutonium-zirconium alloy (10%) with a theoretical density of 15.9 g/cm 3 has been considered as metallic fuel for the MBIR reactor. The effective density of this fuel, given the required clearances, was assumed to be equal to ∼12.0 g/cm 3 [15] [16] [17] . The contact substrate for the given consideration was assumed to be gaseous (helium), not the best choice though for metallic fuel. No sodium contact substrate, the best one for this fuel, was considered since it required a major reactor redesign because of the need to transfer the gas collectors to the fuel element upper part.
The maximum neutron flux value at the core center and in the CLC is shown in Table 2 . The flux in a metallic core exceeds just slightly the required value (0.5 10 16 1/cm 2 s), while the engineering and precision calculation results coincide. For the central loop channel, however, the MKKK code shows a flux of 5% as low as in the core. For this region (not containing fuel), the TRIGEX code works not quite correctly and shows the same flux as in the core.
Analysis of MBIR performance with different fuel types
A prime objective of a research reactor is not simply a high flux of neutrons but its consequence in the form of the structural material dpa rate that depends on fast neutrons with the energy of above 0.1 MeV. The fraction of fast neutrons in the MBIR reactor spectrum is much greater than in fast power reactors. As the result, this makes it possible to speak about the flux "quality" which is 25% as high for MBIR as for power reactors. We shall discuss which fuel type for the MBIR reactor influences its quality characteristics: fast neutron fraction and dpa rate (see Table 3 ).
It can be seen that it is even within the MBIR core that the fuel type has a major effect on the flux "quality" and the dpa rate. The highest flux and the highest dpa rate are observed in the standard MOX fuel [12] , in which the dpa rate actually exceeds the permissible level with the central FA life being five times as long. This is why the design life has been reduced to 4 intervals for the central FAs.
The highest fraction and fluence of fast neutrons (8% as high as in MOX fuel) is naturally observed in metallic fuel that does not contain light moderators such as oxygen or nitrogen. Still, with the flux being practically the same as in MOX, the dpa rate in metal turns out to be lower than in oxide fuel. The thing is that the fast neutron fluence does not take into account the energy distribution of neutrons which is highly important in dpa terms. Due to its high density, metallic fuel exhibits intense inelastic moderation of neutrons on uranium, with neutrons losing their energy to a great extent but continuing to be fast ( Е > 0.1 MeV). This energy loss has a major effect on the dpa capability of neutrons.
Nitride fuel is the worst case in this respect. It has the minimum flux and the minimum dpa rate. The number of the moderator (nitrogen) nuclei in this fuel is twice as small as the number of oxygen nuclei in MOX fuel, so the fast neutron fraction in nitride fuel is still larger than in MOX. The thing is that nitrogen is an intense absorber of fast neutrons (with the highest energies), and the (n,p)-reaction with formation of radioactive carbon-14 takes place on it. So, due to the absorption of neutrons on nitrogen, this fuel has a larger plutonium load than MOX on the one hand and, therefore, a lower flux. On the other hand, the most high-energy neutrons are absorbed by nitrogen, this leading to a greatly weakened flux dpa rate. Other neutronic characteristics [18] for MBIR with different fuel types are compared in Table 4 .
It can be seen that the loads of fissile plutonium nuclei for all of the considered fuel types are close, differing only in the load of uranium-238. Hence, there is a major difference in the effective fraction of delayed neutrons (as great as ( ∼20%!)) which result predominantly from fissions on uranium-238. The fraction of delayed neutrons on pure plutonium is very small and amounts to ∼0.2% k / k .
The fuel types considered differ greatly in the value of the burn-up reactivity margin which is explained by a higher level of internal breeding in dense fuel types, especially in metallic fuels.
Finally, a note shall be made of a low temperature power reactivity effect in metallic fuel which is the result of a low Doppler effect inherent in this fuel: both due to a lower fuel temperature and its specific spectral characteristics.
Conclusion
The MBIR reactor is designed for using vibroMOX fuel and the nitride and metallic fuels discussed in this paper are not viewed as the prime fuel for this reactor. However, nitride fuel is considered nowadays as the basis for the future nuclear power, and metallic fuel is seen as a promising option for achieving a high level of breeding and a cheap external fuel cycle. Therefore, these fuels will be certainly studied in the MBIR reactor and, moreover, in large quantities, supposedly, until the core is fully loaded.
It has been shown that metallic fuel provides for the required neutron flux value (practically equally with MOX fuel) and a high level of radiation damage to structural materials but requires substantially modified temperature conditions for the irradiation of fuel in the reactor. At the same time, dense nitride fuel does not make it possible, due to the specific neutronic characteristics of nitrogen (intense absorption of highenergy neutrons), to achieve the required neutron flux and is somewhat inferior to metallic fuel in dpa terms.
It has been shown that different fuel types may have an effect on the reactor performance. Specifically, nitride and, especially, metallic fuel increase greatly the effective fraction of delayed neutrons, and reduce the burn-up reactivity margin and the temperature power reactivity effect, this leading to improved operating conditions and a higher safety of the reactor. It is also noted that the flux "quality" in the MBIR reactor is 25% as high as in power reactors, and this fuel type does not affect the flux quality in MBIR in principle.
